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Abstract
Woodland expansion is a global challenge documented under varying degrees of disturbance, climate, and land ownership patterns. In North American rangelands, mechanical and chemical brush management practices and prescribed fire are frequently
promoted by agencies and used by private landowners to reduce woody plant cover.
We assess the distribution of agency-supported cost sharing of brush management
(2000−2017) in the southern Great Plains, United States, and evaluate the longevity
of treatment application. We test the general expectation that the current brush management paradigm in the southern Great Plains reduces woody plants and conserves
rangeland resources at broad scales. This study represents the most comprehensive
assessment of treatment longevity following brush management in the southern Great
Plains by linking confidential private lands management data to a national inventory
program (US Department of Agriculture Natural Resources Conservation Service National Resources Inventory). We observed regional differences in the types of brush
management techniques used in cost-sharing programs throughout the study area.
Mechanical brush management was the most common practice cost shared in Texas,
while a mixture of mechanical and chemical application was most common in Oklahoma. Prescribed fire was most common in Kansas with some areas receiving chemical treatment. Our analysis showed brush management, as implemented, did not reduce tree cover long term and minimally reduced shrub cover. Evidence to support the
current brush management paradigm only existed at local site-level scales of analysis
(40- to 50-acre area), but treatment effectiveness was short-lived. At regional scales,
observed changes in woody plant cover showed little to no overall net reduction from
2000 to 2017. These findings bring into question the philosophy of the current brush
management paradigm, its implementation as the default rangeland conservation practice, and its prioritization over alternative practices that prevent new woody plant establishment and enhance resilience of rangelands in the southern Great Plains region.
Keywords: Brush management, Great Plains, rangelands, restoration, scale, woody
encroachment

Introduction
Brush management in rangeland systems can generally be defined as the
“active control of woody plants by removal, reduction, or manipulation”
(Natural Resources Conservation Service 2017). Over the past few decades, rapid increases in woody plants in US rangelands have been well
documented (Van Auken 2000; Eldridge et al. 2011; Archer et al. 2017).
Records of brush management implementation date back to the 1930s
(Bovey 1998). The main reasons for its implementation are the adverse
effects of woody encroachment on water cycles (Zou et al. 2014; Zou et
al. 2015), multiple ecosystem services (Twidwell et al. 2013b; Archer
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and Predick 2014), ecological diversity (Ratajczak et al. 2012), and commercial forage production (Fuhlendorf et al. 2009). However, methods
for brush management on US rangelands such as mechanical, chemical,
and prescribed fire have been largely criticized as ineffective because
their costs preclude implementation over large areas (Archer et al. 2011;
Twidwell et al. 2013a). Despite governmental cost-share programs (e.g.,
assistance provided to landowners performing these tasks) associated
with brush management techniques, such as mechanical treatment or
herbicide application, recovery of ecosystem services may be absent or
short-lived (Archer and Predick 2014). This has been observed in many
parts of the southern Great Plains of North America (e.g., Ratajczak et
al. 2016) and the encroached savannas of southern Africa (e.g., Smit et
al. 2016), particularly where resprouting species are encroaching. Consequences of woodland encroachment, both ecological and social, may
be exacerbated by the effects of increased climate variability and global
change (Stroh et al. 2018; Wilcox et al. 2018), especially given that most
endeavors in rangeland restoration fail to incorporate the complexity of
socioecological systems (Fuhlendorf et al. 2018).
Several studies have demonstrated that woody cover can vary with
patterns of rainfall and fire across global scales (Bucini and Hanan 2007;
Sankaran et al. 2008; Scholtz et al. 2018a). In encroached rangelands
of the Great Plains, United States, areas receiving > 800 mm mean annual precipitation (MAP) have the potential to become closed-canopy
woodlands, while areas receiving < 800 mm MAP are generally rainfall
limited but can still support substantial woody cover (as much as 20
−40%, Scholtz et al. 2018a). Fire alone can be used to manage woody
cover. However, conserving rangelands over the entire rainfall gradient requires frequent fire application (Twidwell et al. 2015) and initiation of prescribed fires before recognition of the invasion (Ratajczak
et al. 2014). Concomitantly, fire alone as a treatment application is context dependent. For example, once woody cover reduces herbaceous fuels, the effectiveness of prescribed or controlled low-intensity fires may
be diluted (Twidwell et al. 2016b). In the US Great Plains, where grasslands and large tracts of agricultural land are interspersed, ecological
processes such as fire can be easier to manage in smaller fragments but
may be less effective at reducing woody cover because fire moves discontinuously through fragmented landscapes and many areas will remain unburned (Scholtz et al. 2018c).
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Studies have identified that the effect of current brush management
effort s and fire on woody plant cover in the southern Great Plains are
short-lived (Archer et al. 2011; Archer and Predick 2014; Ratajczak et
al. 2016). Common, applied options for restoring or conserving North
American rangelands via woody biomass removal involve large machinery (e.g., bulldozers) and chemical application (e.g., herbicide) (Archer
and Predick 2014). Chemical application, particularly in isolation, has
displayed variable success in reducing woody cover, although in combination with fire it can reduce woody plant cover (Scholtz et al. 2018b).
Also, although wildfire cannot be considered a brush management tool,
it does substantially reduce woody cover (Walker et al. 2018) and has increased substantially in the Great Plains in recent years (Donovan et al.
2017). Nevertheless, whether clustering patterns of certain brush management types are observed at state levels remains unknown.
Advances in remote sensing now make it possible to track continuous change in woody vegetation in response to brush management at
an unprecedented range of scales. In this study, we use the US rangeland analysis platform (Jones et al. 2018) to access vegetation data of
moderate spatial resolution and repeated through time. We did not use
current field data woody cover estimates collected by the National Resources Inventory (USDA 2018) to avoid common data extrapolation
pitfalls using site-level field inventory data to predict broader-scale
geographic (Miller et al. 2004). In general, both field and remotely
sensed data have their limitations in vegetation monitoring. For example, field data are limited spatially and remotely sensed data are
limited by classification and spatial/temporal resolution even though
both approaches have benefits. Field data also allow for fine-scale observation and species identification while remotely sensed products
generally cover a large area. The Jones et al. (2018) dataset provides a
favorable balance between spatial and temporal resolution and extent
in vegetation monitoring. With a temporal extent of 1984–present, a
temporal resolution of 1 yr, a spatial extent of western US rangelands,
and a spatial resolution of 30 m, it opens a new dimension in vegetation monitoring and provides opportunities for assessment of brush
management. We used the Jones et al. (2018) dataset and field data
collected in the southern Great Plains to address the following three
questions regarding brush management:
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1) Does the type of cost-share treatment (mechanical, chemical, prescribed fire) supported on private land vary across states in the
southern Great Plains?
2) What are the long-term (between 2000 and 2017) vegetation responses to brush management application and wildfire at site and
regional scales?
3) Does localized implementation of brush management scale up to
conserve rangeland resources at broader regional extents?

This study does not aim to evaluate cost-share programs but rather to
detect regional responses of brush management application using moderate-scale remotely sensed data. We also provide several considerations
for future efforts in brush management.
Methods
Study area
The study area covered rangelands of three states (Kansas, Oklahoma,
and Texas), with rangelands delineated according to Reeves and Mitchell (2011) within the United States (Fig. 1). The area was once considered mainly as grassland, except for certain areas in Texas, which could
be considered as a savanna. However, over the past few decades, woodland expansion has increased from the east in the higher rainfall areas into other areas with less rainfall. Overall, MAP over our study sites
ranges from around 600 mm to 1 000 mm (PRISM Climate Group 2020).
Data Acquisition

Vegetation cover was represented by the four plant functional groups:
annual grasses and forbs, perennial grasses and forbs, trees and shrubs,
as well as litter and bare ground, all sourced from Jones et al. (2018).
Data for the yr 2000 and 2017 within a 1-ha buffer surrounding n =
380 unique sampling points within Kansas (n = 41), Oklahoma (n =
154), and Texas (n = 185) were used. Sampling points were sourced
from the National Resources Inventory (NRI; NRI Survey 2013) survey,
in which information on brush management was recorded for the yr
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Fig. 1. Distribution of brush management types (chemical, mechanical, and prescribed
fire) and wildfire in the portion of the southern Great Plains addressed in this study.
Both state boundaries and ecoregions (level 3, Omernik 1995) are depicted. (Data
sourced from the US Department of Agriculture Natural Resources Conservation Service National Resources Inventory program.)
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2004 −2014. Using a slightly longer temporal extent for vegetation functional groups (2000 −2017) helped ensure the analysis would capture
any legacy effects of brush management. To test whether the size of
the buffer drawn around sampling points drastically influenced percent
woody cover response to treatment application, we compared five buffer sizes around NRI sampling sites. Results from different buffer areas
(1, 5, 20, 80, and 160 ha) around these NRI sample points showed minimal differences with respect to relative woody cover change between
2000 and 2017. However, the 1-ha buffer tended to capture changes in
relative woody cover more frequently than the other buffer sizes (Fig.
S1); therefore, we used the 1-ha buffer percent cover measurements for
the rest of this study.
Classified (restricted) information on brush management practices
were obtained from the Natural Resources Conservation Service (NRCS)
NRI Grazing Land On-site Data Study, which is a branch of the NRCS that
conducts annual field-based statistical inventory of natural resource conditions on US nonfederal lands. It is used to inform decision makers and
assess conservation priorities and actions (NRCS USDA 2017). The NRCS
also has a division to manage cost-shared brush management activities
on private lands through an application and review process (NRCS−Environmental Quality Incentives Program). Most treatments are applied
on 40- to 50-acre (16- to 20-ha) patches of private land (Twidwell et al.
2013a). Brush management practices recorded over the survey years included mechanical, chemical, and prescribed fire. Surveyors also noted
signs of wildfire at the study site. Mechanical brush management included the use of any mechanical equipment to reduce or remove woody
cover. Chemical refers to the act of chemical application on woody plants.
Prescribed fire is the use of an intentional, controlled fire to meet ecological objectives. Several sites contained signs of more than one management type, and because it was not possible to ascertain which management type was applied first, these sites were omitted from the study.
The exact year of treatment application for the sites retained in the study
was unknown. We also excluded sites that did not require brush management according to the surveyor, because our study focused on brush
management treatment effectiveness.
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Data analysis
To quantify changes in vegetation cover as a result of various brush management practices, we compared percent cover changes under all brush
management types for all functional groups (annual grasses and forbs,
perennial grasses and forbs, trees, shrubs, litter and bare ground) between 2000 and 2017 at sampling sites using paired t -tests. While we
are aware that the brush management program is set out to target woodland encroachment, we assessed all functional groups including litter
and bare ground to identify any additional effects of treatment application. A site consisted of all 30-m pixels within a 1-ha buffer of the
NRI sample location. Furthermore, we compared percent tree and shrub
cover change of brush management sites and sites burned by wildfire
between 2000 and 2017 using a generalized linear model framework
following Venables and Ripley’s (2002) binomial approach with percent data. Here, the response variable was either % tree or shrub cover
and the independent variables were the brush management types and
year. This model was used to identify trends in brush management effects among treatment types across states.
To assess the general expectation that localized implementation of
brush management conserves rangeland resources experiencing woody
encroachment at broader extents, we compared site-level to regionallevel changes in woody cover. To do this, we first aggregated NRI sites
within 1-degree by 1-degree cells. We then averaged shrub (or tree)
cover over all sites within each cell to produce the site-scale aggregated
shrub (or tree) cover for the 63 cells covered by the NRI sites. This was
done for both 2000 and 2017. Thereafter, using a similar approach, but
including all 30-m pixels within each 1-degree cell for all cells within the
whole study area (i.e., covering all three states), we refer to this as “regional-scale aggregation.” We calculated the change in shrub (or tree)
cover from 2000 to 2017 at the pixel level, then averaged over all sites or
pixels within a cell to assess the cell-level change in cover. Data were extracted using Google Earth Engine (Gorelick et al. 2017), and data analysis was conducted in R. v3.4.3 (R Development Core Team 2017) using the packages MASS (Venables and Ripley 2002), raster (Hijmans and
van Etten 2015), and rgdal (Bivand 2013). Plots were created using the
package ggplot2 (Wickham 2009).
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Table 1 Number of sites and percent brush management applied within each state of
the southern Great Plains, United States.
Chemical

Mechanical

Prescribed fire

Wildfire

Total

Kansas

12 (29%)

14 (33%)

15 (36%)

1 (2%)

42

Total

79

184

30

88

Oklahoma
Texas

34 (22%)
33 (18%)

47 (31%)

123 (66%)

14 (9%)
1 (1%)

59 (38%)
28 (15%)

154
185

Results
Variation in cost-share treatments
Across the entire study area, the most frequent treatment was mechanical (48% of sites), followed by wildfire (23% of sites), chemical
(21% of sites), and prescribed fire (8% of sites) (Table 1). Woody cover
in the yr 2000 was highest at sites with mechanical treatment (22%
shrubs and 41% trees). This was followed by wildfire (15% shrubs, 34%
trees), chemical application (17% shrubs, 23% trees) and prescribed
fire (16% shrubs, 18% trees). Treatment application including wildfires
was mostly documented in Texas (49%) and Oklahoma (40%). In Texas,
mechanical management was the preferred application treatment, particularly in the Edwards Plateau where shrub encroachment has been
extensively documented (Berg et al. 2015). Oklahoma showed a preference toward chemical or mechanical treatment over prescribed fire
while Kansas did not show any strong preferences for any treatment
type (see Table 1, Fig. 1).
Brush management treatment effectiveness and plant functional
group response

Almost all brush management types and wildfires had mixed responses
for the various functional groups throughout the study area. A long-term
reduction in tree cover was not detected over the entire time period
(Fig. 2); instead, inconsistent patterns in % tree and shrub cover were
observed among treatment types and wildfire in each state (Fig. S2).
In general, all sites with brush management types or wildfire in Kansas
had a significant increase in average % tree cover from 4% to 9.5% (t
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Fig. 2. Mean + standard deviation % cover change for all functional groups—annual
forbs and grasses, bare ground, litter, perennial forbs and grasses, shrubs, and trees—
between the yr 2000 and 2017 for each state and all sites combined (southern Great
Plains) under various brush management types and wildfire. When no error bar is
present, this suggests that the sample size equaled 1. (Data sourced from Jones et al.
[2018]).

= −5.43, P < 0.001). In Oklahoma average % tree cover increased significantly from 6.5% to 13.25% (t 214 = −10.71, P < 0.001) and in Texas,
average % tree cover increased significantly from 9.7% to 14.3% (t 326
= −10.82, P < 0.001) between 2000 and 2017 (see Table S1 for results
of the remaining functional groups). On average across the entire study
area, all other functional groups except tree and shrub cover decreased
between 2000 and 2017 (see Table S1).
51

Scaling up of localized brush management implementation

Regional scale aggregated shrub cover was highest in the South and
decreased northward in both 2000 (Fig. 3a) and 2017 (Fig. 3b). Areas showing a reduction in shrub cover (cool colors) at site scales also
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Fig. 3. Two methods of % shrub cover aggregation to 1°×1° grids. Top panel shows
regional scale aggregated (i.e., total coverage) % shrub cover in the a) yr 2000, b) yr
2017, and c) % change between 2000 and 2017. The bottom panel shows site-scale aggregated (site-information only) % shrub cover in the a) yr 2000, b) yr 2017, and c) %
change between 2000 and 2017. In panels (c) and (f), warm colors represent increases
in shrub cover while cool colors represent decreases. Ecoregions (level 3, Omernik
1995) within the study area are outlined along with state borders. (Data from Jones
et al. [2018] and aggregated from 30-m pixels to 1°×1° grids.)

showed a reduction at regional scales (Fig. 3c). Considering site-scale
aggregation for shrub cover (Figs. 3d−3f), patterns of % shrub cover in
both years (2000 and 2017) broadly followed a precipitation gradient in
which highest % cover was recorded in the Southeast, where the highest
rainfall is received. % Shrub cover change in Fig. 3f compared with Fig.
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Fig. 4. Two methods of % tree cover aggregation to 1°×1° grids. Top panel shows regional scale aggregated (i.e., total coverage) % tree cover in the a) yr 2000, b) yr 2017,
and c) % change between 2000 and 2017. The bottom panel shows site-scale aggregated (site-information only) % tree cover in the a) yr 2000, b) yr 2017, and c) %
change between 2000 and 2017. In panels (c) and (f), warm colors represent increases
in tree cover while cool colors represent decreases. Ecoregions (level 3, Omernik 1995)
within the study area are outlined along with state borders. (Data from Jones et al.
[2018] and aggregated from 30-m pixels to 1°×1° grids.)

3c appeared to be in partial agreement, representing a weak relationship in overlapping areas (R 2 = 0.10, root-mean-square error [RMSE] =
2.13%). However, there appears to be some evidence of % shrub cover
reduction in the southern section (e.g., South Texas) (Figs. 3c and 3f).
Regional scale tree cover in 2000 (Fig. 4a) and 2017 (Fig. 4b) was
highest in the Southeast, where the highest rainfall and woody plant
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cover potential is found (Scholtz et al. 2018a). Percent change in tree
cover using the regional scale aggregation method (total coverage)
showed no areas of cover reduction (min = 0.5%, max = 13% change, Fig.
4c), implying that increases in % tree cover were recorded even where
brush management was applied. Throughout Fig. 4, comparison of regional- and site-scale aggregations showed major discrepancies between
the two aggregation approaches. Despite no reduction identified at the
regional scale (Fig. 4c), site-level aggregation (Fig. 4f) showed a large
range between areas of encroachment and reduction (min = −11%, max
= 23%). Where the areas overlapped, the relationship in % tree cover
change (R 2 = 0.15, RMSE = 4.87%) was weak. For most of the study area,
weak correlation relationships and relatively high mean square errors
between aggregation methods for % tree and shrub cover and % cover
change were observed.
Discussion
Not many opportunities exist to test whether regional responses to
brush management practices are evident using fine-scale remotely
sensed data. This study is timely given recent trends in woodland expansion, particularly in US rangelands and technological advancements
that have enabled fine-scale rangeland monitoring (Dietze et al. 2018;
Jones et al. 2018). For this program, we found that prescribed fire was
mostly applied in Kansas and Oklahoma, while mechanical application
was mostly applied in Texas and Oklahoma. Areas with signs of wildfires
were recorded mostly in Oklahoma and Texas while areas with chemical
application were recorded throughout the study area. Patterns of brush
management application may be a combination of factors such as landscape requirements but also largely linked region-specific cultural values
(Symstad and Leis 2017). In areas such as the Edwards Plateau, Texas,
which contains high levels of woodland encroachment generally by juniper-oak savanna and mesquite-Acacia savanna, mechanical treatment
is preferred. In contrast in the Flint Hills of Kansas, woody cover is relatively low even though threatened by juniper expansion and fire is the
preferred brush management tool. These patterns provide insight to better understand woodland expansion by bridging the varied biophysical
and social domains within the southern Great Plains (Wilcox et al. 2018).
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Several studies show that brush management practices in encroached
rangelands may be effective at small scales (Ansley and Castellano 2006;
Archer et al. 2011; Scholtz et al. 2018b), but our study suggests that this
outcome is not reflected at regional levels generally required for conservation planning. Despite brush management application, many areas showed net increases in percent tree cover over the time period.
Responses in the shrub layer, however, were less consistent, with some
reduction observed under specific treatments (e.g., mechanical, chemical) but not others (e.g., prescribed fire). While shrub cover generally followed the rainfall gradient, this pattern became more heterogeneous due
to topography and soil at finer scales (Monger and Bestelmeyer 2006).
Furthermore, localized implementation of brush management to conserve broader landscapes revealed disparate patterns of woody cover
at regional scales. The concern is the extent to which patterns of woody
cover are altered when considering site-scale aggregation versus regional-scale aggregation. This mismatch suggests that we should be cautious when aggregating site-level data to regional scales for landscape
management purposes. A caveat of this approach could be to include
more sites per 1 °×1 ° grid, but this is not a feasible long-term solution
for field surveyors sampling a limited area.
Tree cover showed no signs of decrease for the 18-yr period despite
brush management and wildfire (see Fig. 2). Our current strategy may be
setting us up for rapid re-encroachment of the species targeted for restoration. Brush management has been implemented at small scales (i.e.,
sites), which potentially leaves a site prone to rapid recovery of woody
species because of multiple surrounding sites. Many sites are not clearcut or individuals could be left unattended and escape the fire trap. Current monitoring and inventorying approach have been insufficient to allow strategic targeting to manage woody encroachment at larger scales
(Uden et al. 2019; Jones et al. 2020). User-related errors such as inaccurate tracking of locations where treatment was applied could also contribute to this finding. These are major limitations to the current costshare program in controlling encroaching woody species throughout
the southern Great Plains.
Given the geographic extent of this study, our findings suggest the current strategy for managing woody encroachment is largely ineffective
at large scales for both resprouting and nonresprouting woody species.
Species such as Juniperus virginiana (Eastern redcedar) do not have the
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ability to resprout after top-kill by some forms of brush management
or wildfire. In areas where Eastern redcedar is the dominant encroaching species, brush management does (Fogarty et al. 2020). However,
without repeat application or physical removal of these plants, some of
these individuals escape treatment and can contribute to rapid spread.
Other species are capable of resprouting and may recover as quickly as
2 or 3 yr (Harrell et al. 2001). This has also been documented in parts
of southern Africa, where species such as Dichrostachys cinerea (sicklebush) are aggressive resprouting encroachers also deemed to require repeated treatment (e.g., high-intensity fires, Smit et al. 2016). In contrast
to common brush management practices, wildfires in the Great Plains
are generally of higher intensity (compared with prescribed fires), occur in both rangeland and forested areas, and have the potential to substantially reduce woody cover (Twidwell et al. 2016a). Wildfires have
increased in over recent decades (Dennison et al. 2014; Donovan et al.
2017) and have great potential to reduce woody cover. However, our
study suggests that conditions used during prescribed fire have not been
as effective. Prescribed fire may be more useful at maintaining reduced
woody cover than restoring an area back to a grassland (Twidwell et al.
2019). Rather, prescribed fire has the potential to reduce wildfire risk to
society, particularly when combined with grazing (Johnson et al. 2018;
Starns et al. 2019).
Landowner decision making is a priority for cost-share programs
such as those provided by local or federal government (e.g., Natural Resources Conservation Service). This trade-off between restoration and
conservation is a spatiotemporal balancing act, as areas that initially may
require restoration activities would require further conservation activities for potential long-lasting effects in woody plant reduction (Archer et
al. 2011). Without landowners actively engaging with one another (e.g.,
prescribed burn associations [Toledo et al. 2014]) and the local government to reduce woody plant cover, cost-share programs would not exist. However, decision making can be influenced by a number of factors
such as cultural heritage or physical ability to perform a particular management action, which are beyond the scope of this study. Furthermore,
humans rarely engage in prevention practices and typically respond to
a crisis. We are limited by data to accurately quantify how much land
is managed via cost-share programs or managed privately. Our study
highlights geographic patterns suggesting that mechanical and chemical
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application appears to be applied in “already encroached” areas, where
the highest woody plant cover was initially found, in an attempt to aggressively restore grasslands or reduce woody cover rapidly.
Improving data quality and access is a major challenge that would
benefit large-scale conservation effort s in rangelands. For the program
featured in this study, surveyors only visit a site once, while information
on pretreatment conditions, initial impact, midterm impacts, and longterm impacts of brush management are unavailable. We acknowledge
that responses to brush management are strongly influenced by numerous attributes such as initial vegetation conditions, ecological site, type
of treatment, and variation within type of treatment (e.g., spatial variability in fire severity with prescribed fire from one site to another);
land use before and after treatment; and post-treatment precipitation
trends. As such, there is tremendous variability in the data regarding
the effectiveness of brush management treatments. A lack of repeat visits on managed sites is one of the largest knowledge gaps in the monitoring programs’ current form. Furthermore, the inability to quantify
the effect of landowners who manage woody cover without the assistance of cost-share programs remains a challenge. In many instances,
private landowners may not require or desire assistance and choose to
manage woody plant cover anyway, perhaps using the same brush management principles and techniques. However, the ability to assess effectiveness of treatment application using classified information, such as
when treatment was applied, is perhaps one of the biggest shortcomings of this dataset.
Implications
In the rangeland profession, the war on woodland expansion has been
ongoing since the early 1900s (Bovey 1998) and brush management
has been the preferred combat strategy. We did not find strong evidence
to support brush management for regional-scale conservation. Treatments tend to be costly, so they have a small management footprint and
their lifespan is short-lived. As a result, there is a clear need to evaluate
how brush management is implemented and reassess current philosophies for managing woody encroachment in rangelands. A central need
is to reconcile the scale of the woody encroachment problem relative to

S c h o lt z e t a l . i n R a n g e l a n d E c o l o gy & M a n ag e m e n t 7 7 ( 2 0 2 1 )

17

how rangeland ecology and management implement landscape level disturbances (Fuhlendorf et al. 2012; Fuhlendorf et al. 2017; Twidwell et
al. 2020). As an example of the grand challenge that exists in the Great
Plains, even one of the most frequently burned regions and where a relatively intact fire culture (the Flint Hills, Kansas) exists is susceptible to
shrub expansion (Ratajczak et al. 2016). This is alarming because most
regions in the southern Great Plains exhibit major departures from disturbance regimes needed to successfully manage woody encroachment.
Advanced technologies can help support this effort (Jones et al. 2018;
Uden et al. 2019; Jones et al. 2020). Tracking the longevity of treatments
at multiple scales can be improved by aligning remotely sensed vegetation data with spatially explicit information of brush management treatment locations. Ultimately, this information should be used to prioritize
the protection of rangeland resources rather than continuing to chase
woody encroachment with the types of costly treatments that underpin the last half century of brush management (Twidwell et al. 2013a).
Multiple scholars have been calling for this change in both rangelands
and other ecological specializations (Holling and Meffe 1996; Briske et
al. 2006; Bestelmeyer and Briske 2012). Given decades of research on
woody encroachment and its known consequences to rangelands, it is
critical to recognize the shortcomings of the brush management paradigm and adapt programs and practices to scale up conservation success in the future. This will be foundational to conserve rangeland-based
ecosystem services for future generations.
◄
►

Competing Interest The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work
reported in this paper.

Acknowledgments Special thanks to Loretta Metz from the USDA-NRCS, Resource Inventory & Assessment Division for sharing data. Thanks to several anonymous reviewers who have contributed to improving earlier versions of this manuscript.
This work was supported by Nebraska Game & Parks Commission W-125-R-1, the
Institute of Agriculture and Natural Resources at the University of Nebraska, Lincoln,
the USDA NRCS Working Lands for Wildlife and Wildlife Conservation Effects Assessment Project.
Supplementary materials Supplementary material associated with this article follows the References.

S c h o lt z e t a l . i n R a n g e l a n d E c o l o gy & M a n ag e m e n t 7 7 ( 2 0 2 1 )

18

References
Ansley, R.J., Castellano, M.J., 2006. Strategies for savanna restoration in the southern
Great Plains: effects of fire and herbicides. Restoration Ecology 14, 420–428.

Archer, S., Davies, K.W., Fulbright, T.E., McDaniel, K.C., Wilcox, B.P., Predick, K., Briske,
D., 2011. Brush management as a rangeland conservation strategy: a critical
evaluation. Conservation benefits of rangeland practices 105–170.
Archer, S.R., Andersen, E.M., Predick, K.I., Schwinning, S., Steidl, R.J., Woods, S.R.,
2017. Woody plant encroachment: causes and consequences. In: Briske, D.D.
(Ed.), Rangeland systems: processes, management and challenges. Springer
International Publishing, Cham, Switzerland, pp. 25–84.

Archer, S.R., Predick, K.I., 2014. An ecosystem services perspective on brush
management: research priorities for competing land use objectives. Journal of
Ecology 102, 1394–1407.
Berg, M.D., Sorice, M.G., Wilcox, B.P., Angerer, J.P., Rhodes, E.C., Fox, W.E., 2015.
Demographic changes drive woody plant cover trends—an example from the
great plains. Rangeland Ecology & Management 68, 315–321.
Bestelmeyer, B.T., Briske, D.D., 2012. Grand challenges for resilience-based
management of rangelands. Rangeland Ecology & Management 65, 654–663.
Bivand, R. 2013. rgdal: Bindings for the Geospatial Data Abstraction Library. R
package version 0.8-9.

Bovey, R.W., 1998. A fifty-year history of the weed and brush program in Texas and
suggested future direction. Bulletin/Texas Agricultural Experiment Station no.
1729.

Briske, D.D., Fuhlendorf, S.D., Smeins, F., 2006. A unified framework for assessment
and application of ecological thresholds. Rangeland Ecology & Management 59,
225–236.
Bucini, G., Hanan, N.P., 2007. A continental-scale analysis of tree cover in African
savannas. Global Ecology and Biogeography 16, 593–605.

Dennison, P.E., Brewer, S.C., Arnold, J.D., Moritz, M.A., 2014. Large wildfire trends
in the western United States, 1984–2011. Geophysical Research Letters 41,
2928–2933.

Dietze, M.C., Fox, A., Beck-Johnson, L.M., Betancourt, J.L., Hooten, M.B., Jarnevich,
C.S., Keitt, T.H., Kenney, M.A., Laney, C.M., Larsen, L.G., Loescher, H.W., Lunch,
C.K., Pijanowski, B.C., Randerson, J.T., Read, E.K., Tredennick, A.T., Vargas, R.,
Weathers, K.C., White, E.P., 2018. Iterative near-term ecological forecasting: needs,
opportunities, and challenges. Proceedings of the National Academy of Sciences,
USA 115, 1424–1432.
Donovan, V.M., Wonkka, C.L., Twidwell, D., 2017. Surging wildfire activity in a
grassland biome. Geophysical Research Letters 44, 5986–5993.

Eldridge, D.J., Bowker, M.A., Maestre, F.T., Roger, E., Reynolds, J.F., Whitford, W.G.,
2011. Impacts of shrub encroachment on ecosystem structure and functioning:
towards a global synthesis. Ecology Letters 14, 709–722.

S c h o lt z e t a l . i n R a n g e l a n d E c o l o gy & M a n ag e m e n t 7 7 ( 2 0 2 1 )

19

Fogarty, D.T., Roberts, C.P., Uden, D.R., Donovan, V.M., Allen, C.R., Naugle, D.E., Jones,
M.O., Allred, B.W., Twidwell, D., 2020. Woody plant encroachment and the
sustainability of priority conservation areas. Sustainability 12, 8321.
Fuhlendorf, S.D., Davis, C.A., Elmore, R.D., Goodman, L.E., Hamilton, R.G., 2018.
Perspectives on grassland conservation effort s: should we rewild to the past or
conserve for the future? Philosophical Transactions B 373, 20170438.
Fuhlendorf, S.D., Engle, D.M., Elmore, R.D., Limb, R.F., Bidwell, T.G., 2012.
Conservation of pattern and process: developing an alternative paradigm of
rangeland management. Rangeland Ecology & Management 65, 579–589.

Fuhlendorf, S.D., Engle, D.M., Kerby, J., Hamilton, R., 2009. Pyric herbivory: rewilding
landscapes through the recoupling of fire and grazing. Conservation Biology 23,
588–598.
Fuhlendorf, S.D., Fynn, R.W., McGranahan, D.A., Twidwell, D., 2017. Heterogeneity as
the basis for rangeland management. Rangeland systems. Springer, Heidelberg,
Germany, pp. 169–196.
Gorelick, N., Hancher, M., Dixon, M., Ilyushchenko, S., Thau, D., R.J.R.S.o. Moore, E.,
2017. Google Earth Engine: planetary-scale geospatial analysis for everyone.
Remote Sensing of Environment 202, 18–27.

Harrell, W.C., Fuhlendorf, S.D., Bidwell, T.G., 2001. Effects of prescribed fire on sand
shinnery oak communities. Rangeland Ecology & Management/Journal of Range
Management Archives 54, 685–690.
Hijmans, R. J., and van Etten, J. J. 2015. raster: geographic data analysis and
modeling. R package version 2:3 −40.

Holling, C.S., Meffe, G.K., 1996. Command and control and the pathology of natural
resource management. Conservation Biology 10, 328–337.
Johnson, C.N., Prior, L.D., Archibald, S., Poulos, H.M., Barton, A.M., Williamson, G.J.,
Bowman, D.M., 2018. Can trophic rewilding reduce the impact of fire in a more
flammable world? Philosophical Transactions of the Royal Society B: Biological
Sciences 373, 20170443.

Jones, M.O., Allred, B.W., Naugle, D.E., Maestas, J.D., Donnelly, P., Metz, L.J., Karl, J.,
Smith, R., Bestelmeyer, B., Boyd, C., Kerby, J.D., McIver, J.D., 2018. Innovation in
rangeland monitoring: annual, 30 m, plant functional type percent cover maps for
U.S. rangelands, 1984–2017. Ecosphere 9, e02430.
Jones, M.O., Naugle, D.E., Twidwell, D., Uden, D.R., Maestas, J.D., Allred, B.W., 2020.
Beyond inventories: emergence of a new era in rangeland monitoring. Rangeland
Ecology & Management 73, 577–583.
Miller, J.R., Turner, M.G., Smithwick, E.A.H., Dent, C.L., Stanley, E.H, 2004. Spatial
Extrapolation: the science of predicting ecological patterns and processes.
Bioscience 54, 310–320.

Monger, H., Bestelmeyer, B., 2006. The soil-geomorphic template and biotic change
in arid and semi-arid ecosystems. Journal of Arid Environments 65, 207–218.

Natural Resources Conservation Service, 2017. Conservation practice standard:
brush management practice code 314 Available at: https://www.nrcs.usda.gov/
wps/PA_NRCSConsumption/download?cid=stelprdb1254946&ext=pdf

S c h o lt z e t a l . i n R a n g e l a n d E c o l o gy & M a n ag e m e n t 7 7 ( 2 0 2 1 )

20

NRCS USDA, 2017. Web soil survey Available at: https://www.nrcs.usda.gov/wps/
portal/nrcs/main/national/technical/nra/nri/
NRI Survey, 2013. Field Protocols Available at: http://www.nrisurvey.org/nrcs/
Grazingland/2013/instructions/R-ch3 _ 13bvf.pdf.

Omernik, J.M., 1995. Level 3 ecoregions of the continental United States. Corvallis
Environmental Research Laboratory, US Environmental Protection Agency,
Corvallis, OR, USA.

PRISM Climate Group. 2020. Available at: http://prism.oregonstate.edu. Accessed 15
October, 2015.
R Development Core Team, 2017. A language and environment for statistical
computing.). R Foundation Statistical Computing, Vienna, Austria.

Ratajczak, Z., Briggs, J.M., Goodin, D.G., Luo, L., Mohler, R.L., Nippert, J.B., Obermeyer,
B., 2016. Assessing the potential for transitions from tallgrass prairie to
woodlands: are we operating beyond critical fire thresholds? Rangeland Ecology
& Management 69, 280–287.
Ratajczak, Z., Nippert, J.B., Collins, S.L., 2012. Woody encroachment decreases
diversity across North American grasslands and savannas. Ecology 93, 697–703.

Ratajczak, Z., Nippert, J.B., Ocheltree, T.W., 2014. Abrupt transition of mesic grassland
to shrubland: evidence for thresholds, alternative attractors, and regime shifts.
Ecology 95, 2633–2645.
Reeves, M.C., Mitchell, J.E., 2011. Extent of coterminous US rangelands: quantifying
implications of differing agency perspectives. Journal of Range Management 64,
585–597.

Sankaran, M., Ratnam, J., Hanan, N, 2008. Woody cover in African savannas: the role
of resources, fire and herbivory. Global Ecology and Biogeography 17, 236–245.
Scholtz, R., Fuhlendorf, S.D., Archer, S.R., 2018a. Climate–fire interactions constrain
potential woody plant cover and stature in North American Great Plains
grasslands. Global Ecology and Biogeography 27, 936–945.

Scholtz, R., Polo, J.A., Fuhlendorf, S.D., Engle, D.M., Weir, J.R., 2018b. Woody plant
encroachment mitigated differentially by fire and herbicide. Rangeland Ecology &
Management 71, 239–244.
Scholtz, R., Polo, J.A., Tanner, E.P., Fuhlendorf, S.D., 2018c. Grassland fragmentation
and its influence on woody plant cover in the southern Great Plains, USA.
Landscape Ecology 33, 1785–1797.
Smit, I.P., Asner, G.P., Govender, N., Vaughn, N., van Wilgen, B.W., 2016. An
examination of the potential efficacy of high intensity fires for reversing woody
encroachment in savannas. Journal of Applied Ecology 53, 1623–1633.
Starns, H.D., Fuhlendorf, S.D., Elmore, R.D., Twidwell, D., Thacker, E.T., Hovick, T.J.,
Luttbeg, B., 2019. Recoupling fire and grazing reduces wildland fuel loads on
rangelands. Ecosphere 10, e02578.

Stroh, E., Struckhoff, M., Stambaugh, M.C., Guyette, R.P., 2018. Fire and climate
suitability for woody vegetation communities in the south central United States.
Fire Ecology 14, 106–124.

S c h o lt z e t a l . i n R a n g e l a n d E c o l o gy & M a n ag e m e n t 7 7 ( 2 0 2 1 )

21

Symstad, A.J., Leis, S.A., 2017. Woody encroachment in northern Great Plains
grasslands: perceptions, actions, and needs. Natural Areas Journal 37, 118–127.
Toledo, D., Kreuter, U.P., Sorice, M.G., Taylor, C.A., 2014. The role of prescribed burn
associations in the application of prescribed fires in rangeland ecosystems.
Journal of Environmental Management 132, 323–328.

Twidwell, D., Allred, B.W., Fuhlendorf, S.D., 2013a. National-scale assessment of
ecological content in the world’s largest land management framework. Ecosphere
4, 1–27.
Twidwell, D., Bielski, C.H., Scholtz, R., Fuhlendorf, S.D., 2020. Advancing fire ecology
in 21st century rangelands. Rangeland Ecology & Management (in press)..
Twidwell, D., Rogers, W.E., Fuhlendorf, S.D., Wonkka, C.L., Engle, D.M., Weir,
J.R., Kreuter, U.P., Taylor, C.A., 2013b. The rising Great Plains fire campaign:
citizens’ response to woody plant encroachment. Frontiers in Ecology and the
Environment 11, 64–71.

Twidwell, D., Rogers, W.E., Wonkka, C.L., Taylor Jr, C.A., Kreuter, U.P, 2016a.
Extreme prescribed fire during drought reduces survival and density of woody
resprouters. Journal of Applied Ecology 53, 1585–1596.
Twidwell, D., West, A.S., Hiatt, W.B., Ramirez, A.L., Taylor Winter, J., Engle, D.M.,
Fuhlendorf, S.D., Carlson, J.D., 2016b. Plant invasions or fire policy: which has
altered fire behavior more in tallgrass prairie? Ecosystems 19, 356– 368.

Twidwell, D., Wonkka, C.L., Sindelar, M.T., Weir, J.R., 2015. First approximations of
prescribed fire risks relative to other management techniques used on private
lands. PloS One 10, e0140410.

Twidwell, D., Wonkka, C.L., Wang, H.-H., Grant, W.E., Allen, C.R., Fuhlendorf, S.D.,
Garmestani, A.S., Angeler, D.G., Taylor, C.A., Kreuter, U.P., Rogers, W.E., 2019.
Coerced resilience in fire management. Journal of Environmental Management
240, 368–373.

Uden, D.R., Twidwell, D., Allen, C.R., Jones, M.O., Naugle, D.E., Maestas, J.D., Allred,
B.W., 2019. Spatial imaging and screening for regime shifts. Frontiers in Ecology
and Evolution 7.
USDA, 2018. National Resources Inventory Rangeland Resource Assessment
Available at: https://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/
technical/nra/nri/results/?cid=nrcseprd1343025

Van Auken, O.W., 2000. Shrub invasions of North American semiarid grasslands.
Annual Review of Ecology and Systematics 31, 197–215.

Venables, W.N., Ripley, B.D., 2002. Modern applied statistics with S. Springer, Berlin,
Germany.

Walker, R.B., Coop, J.D., Parks, S.A., Trader, L., 2018. Fire regimes approaching historic
norms reduce wildfire-facilitated conversion from forest to non-forest. Ecosphere
9, e02182.
Wickham, H., 2009. ggplot2: Elegant graphics for data analysis. Springer-Verlag, New
York, NY.

S c h o lt z e t a l . i n R a n g e l a n d E c o l o gy & M a n ag e m e n t 7 7 ( 2 0 2 1 )

22

Wilcox, B.P., Birt, A., Archer, S.R., Fuhlendorf, S.D., Kreuter, U.P., Sorice, M.G., van
Leeuwen, W.J.D., Zou, C.B., 2018. Viewing woody-plant encroachment through a
social–ecological lens. Bioscience 68, 691–705.
Zou, C., Turton, D., Will, R., Fuhlendorf, S., Engle, D., Winton, K., 2014. Eastern redcedar encroachment and water cycle in tallgrass prairie. Oklahoma Water
Resources Research Institute, Stillwater, OK, USA.

Zou, C.B., Qiao, L., Wilcox, B.P., 2015. Woodland expansion in central Oklahoma will
significantly reduce streamflows—a modeling analysis. Ecohydrology 9, 807–816.

Supplementary materials follow:

The challenges of brush management treatment longevity in southern Great Plains, USA

Rheinhardt Scholtz1*, Samuel D. Fuhlendorf2, Daniel R. Uden1,3, Brady W. Allred4,5,
Matthew O. Jones4,5, David E. Naugle4, Dirac Twidwell1

1Department

of Agronomy and Horticulture, University of Nebraska–Lincoln, Lincoln,

Nebraska 68588, USA
2Natural

Resource Ecology and Management, Oklahoma State University, Stillwater,

Oklahoma 74078, USA
3School

of Natural Resources, University of Nebraska–Lincoln, Lincoln, Nebraska 68588,

USA
4W.A.

Franke College of Forestry and Conservation, University of Montana, 32 Campus

Drive, Missoula, Montana 59812 USA
5Numerical

Terradynamic Simulation Group, University of Montana, 32 Campus Drive,

Missoula, Montana 59812 USA

*Corresponding

author: r.scholtz@unl.edu

Supplemental Material

Kansas
20
10

% Shrub cover change (2000-2017)

0
-10

Chemical

Mechanical

None

Prescribed_Fire

Wildfire

Oklahoma
20

Buffer size (ha)
1

10

5
20

0

80
160

-10

Biological

Chemical

Mechanical

None

Prescribed_Fire

Wildfire

None

Prescribed_Fire

Wildfire

Texas
20
10
0
-10

Biological

Chemical

Mechanical

Brush Management

Kansas
20

10

% Tree cover change (2000-2017)

0

-10
Oklahoma
20

Buffer size (ha)
1

10

5
20

0

80
160

-10
Texas
20

10

0

-10

Biological

Chemical

Mechanical

None

Prescribed_Fire

Wildfire

Brush Management

Fig S1. % Cover change in a) shrub and b) tree cover per buffer size (1-160ha)
around the sampling point.
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Figure S2. Model estimates from the generalized linear model showing exponentiated
coefficients. The response variable was either % tree cover (left panel) or shrub cover
(right panel) with brush management type and year are independent variables. A
separate model was run for each state and functional group (tree and shrub cover only).
Coefficients >1 are depicted in blue and <1 in red relating to probability of increases and
decreases in % cover with respect to management type. All estimates were significant at
∝ = 0.05 level.

Table S1. Descriptive summary of mean % cover for each plant functional group, litter
and bare ground per state in the year 2000 and 2017. The difference between the years is
shown as mean cover in 2017 – mean cover 2000. A positive value indicates an increase
in % cover and a negative value suggests a decrease between 2000 and 2017. Increases in
trees and shrubs are highlighted in bold font. Results from the paired t-test comparing
2000 vs. 2017 mean cover across all brush management types are found in the last four
columns.
State
Kansas
Kansas

Functional Group
Annual grasses and
forbs
Perennial grasses and
forbs

Mean cover
2000

Mean cover
2017

Difference in mean
cover

T-value

Degrees of
freedom

p-value

11.45

9.72

-1.73

3.67

51

<0.01

57.76

58.88

1.12

-1.36

51

>0.05

4

9.5

5.5

-5.43

51

<0.01

Kansas

Trees

Kansas

Shrubs

4.59

4.62

0.03

-0.11

51

<0.01

Kansas

Litter

5.47

3.28

-2.19

3.77

51

<0.01

Kansas

Bare ground

1.83

2.24

0.41

-1.76

51

>0.05

8.95

8.56

-0.39

1.97

214

<0.05

33.85

27.59

-6.26

11.56

214

<0.01

Oklahoma
Oklahoma

Annual grasses and
forbs
Perennial grasses and
forbs

Oklahoma

Trees

6.55

13.25

6.7

-10.79

214

<0.01

Oklahoma

Shrubs

4.37

13.25

8.88

4.94

214

<0.01

Oklahoma

Litter

4.22

2.6

-1.62

10.37

214

<0.01

Oklahoma

Bare ground

1.34

1.69

0.35

-1.5

214

>0.05

6.89

5.38

-1.51

6.94

326

<0.01

19.69

19.09

-0.6

7.32

326

<0.01

Texas
Texas

Annual grasses and
forbs
Perennial grasses and
forbs

Texas

Trees

9.72

14.3

4.58

-10.82

326

<0.01

Texas

Shrubs

5.85

4.95

-0.9

6.35

326

<0.01

Texas

Litter

6

4.21

-1.79

11.4

326

<0.01

Texas

Bare ground

3.06

2.28

-0.78

2.88

326

<0.01

